rain arteriovenous malformations (AVMs) are the leading cause of intracranial hemorrhages in pediatric patients, 21 and account for 30%-50% of all pediatric spontaneous cerebral hemorrhages. 4, 8, 12, 52 Existing studies show the overall mortality rate of pediatric patients after initial hemorrhage is 25%. 25 Approximately 20. 2%-40.6% 3,8,16 of all patients who hemorrhage develop residual neurological deficits. Despite an established annual hemorrhagic risk of 1.9%-4.61% in the general population, 1, 7, 10, 45, 53 the risk of hemorrhage in pediatric patients is not entirely understood. Nevertheless, the high cumulative hemorrhagic risk, given the long life expectancy in pediatric patients, warrants definitive treatment of the AVM to prevent hemorrhages later in life. Current treatment options include microsurgery, radiosurgery, embolization, or a combination of therapies. 8 The treatment
decision-making process involves a balanced tradeoff among subsequent hemorrhagic risk, patient functional status, and treatment risk with each modality. To the best of our knowledge, most large population studies regarding pediatric AVMs have predominantly focused on radiosurgery. Direct comparisons to elucidate posttreatment hemorrhagic risk and functional outcomes across different modalities have not been fully explored in a long-term follow-up study. 21, 40, 52 In this study we present our institutional experience over 23 years to further elucidate the natural history and posttreatment hemorrhagic risk of AVMs in pediatric patients and to clarify the effect of each treatment modality on hemorrhagic control. Conservatively managed patients were also included in the study to better contrast the treatment effect of each modality. To provide a more comprehensive understanding of prognosis in our pediatric AVM cohort, we also included functional outcomes in our analysis.
Methods study Population
We performed a retrospective chart review of all patients with a confirmed diagnosis of intracranial AVM evaluated at The Johns Hopkins Medical Institutions from January 1990 through December 2013. Patients with multiple AVMs and hereditary hemorrhagic telangiectasia were excluded. Pediatric cases were isolated from the database of all AVMs with a cutoff age of 18 years at diagnosis. Cases were also excluded if patients had unobtainable critical information, or if the patient was lost to follow-up.
Definition of Variables
The primary outcome was defined as incidence rate of hemorrhage in untreated AVMs, as well as posttreatment annualized hemorrhagic risk. To fully appreciate the treatment effect on functional outcome, we included modified Rankin Scale (mRS) scores of the patient at the last follow-up evaluation as our secondary outcome. The mRS score was applied from a retrospective review of documentation of patient functional outcomes and neurological examinations, and we further dichotomized the outcomes into good (mRS score ≤ 1) and poor (mRS score > 1). Other modifiers obtained from the records included: age at diagnosis, sex, presenting symptoms, mRS score at baseline, AVM angioarchitectural characteristics, treatmentrelated variables, obliteration rate, hemorrhage incidence, and functional outcome represented by mRS scores upon follow-up visits. Our study divided treatment modalities into 5 distinct groups, which included: surgery ± embolization (SE, microsurgery with/without embolization), radiosurgery ± embolization (RE, radiosurgery with/without embolization), surgery + radiosurgery ± embolization (SR, surgery and radiosurgery with/without embolization), embolization alone, and observation or conservative management. Radiosurgery and embolization were introduced to our institution before 1990 and were therefore an available treatment option for the entire investigation period. Of note, the only 2 patients who were in SR underwent salvage radiosurgery after incomplete resection. These 2 patients presented with hematoma requiring immediate evacuation, and the AVM was subsequently found. An exploratory attempt at obliterating the lesion was initiated, and the AVM could only be partially resected. We considered these cases to be distinctly different from planned surgical procedures with preoperative angiograms, and therefore listed these patients as a separate group (SR).
We defined the natural history risk of AVMs as the annual risk of hemorrhage within the observation period, which was generated by calculating the total number of patients who hemorrhaged divided by total patient-years within the investigated time interval. For patients who underwent conservative management, this period was the interval from diagnosis to last follow-up. For patients who were treated, the observation period was from diagnosis to time of treatment. To measure the effect of treatment on hemorrhagic control, we also included posttreatment (follow-up) hemorrhagic risk in our analysis. Our posttreatment interval included the time from the first treatment to the last follow-up evaluation.
statistical analysis
We used the Student t-test or Wilcoxon rank-sum test for continuous variables, and Fisher's exact test or chisquare test for categorical variables. For survival analysis, events were defined as first hemorrhage after treatment. The Kaplan-Meier curve was created with censored data, and the log-rank test was used for detection of differences between two different curves. Cox proportional hazard regression analysis was used to associate factors with hemorrhagic risk. Factors that were statistically significant or deemed clinically significant in univariate analysis were included into a multivariate model. A p value < 0.05 was defined as statistically significant, and all p values were reported as 2-sided. All statistical analyses were performed using R statistical software (version 3.1.1).
results

Patient baseline characteristics
A total of 124 pediatric AVM cases were retrieved from 683 AVM cases in our database. After excluding those lost to follow-up, 90 patients (72.6%) remained. The average age of all patients at diagnosis was 13.3 ± 3.8 years, and the median age was 14 years (range 3-18 years), with 43.3% of the cohort being male (Table 1) . Eighty-nine (98.9%) of the 90 patients in our cohort were symptomatic, and the two most common symptoms were headache (61.1%) and seizure (43.3%). Of all patients, 41.1% (n = 37) presented with rupture, and 40 patients had pretreatment mRS scores ≤ 1. Spetzler-Martin (SM) grades of all AVMs were as follows: Grade 1 (7.8%), Grade 2 (30%), Grade 3 (33.3%), Grade 4 (20%), and Grade 5 (8.9%). The average AVM size was 3.4 ± 1.9 cm.
Fifty patients received radiosurgery, 18 patients underwent resection, 13 patients were followed conservatively, 7 patients underwent embolization only, and 2 patients were treated with incomplete resection with salvage radiosurgery. The average follow-up length was 9.95 ± 12.54 years, and the overall AVM obliteration rate in treated patients was 59.7%. The obliteration rate for each modality was as follows: SE (100%), RE (49.0%), SR (100%), embolization (16.7%), observation (0.0%). Other baseline characteristics are also listed in Table 1 .
hemorrhagic risk of avMs
Factors associated with hemorrhagic presentation are summarized in Table 2 . Smaller AVM size was the only variable to be significantly associated with ruptured presentation (p < 0.001). As described above, we examined hemorrhagic risk in our cohort in two distinct stages: the observation period and the posttreatment (follow-up) period. For the natural course of AVMs, 4 patients hemorrhaged during a total observation interval period of 429.4 patient-years, yielding an annualized hemorrhagic rate of 0.9% per patient. Regarding the posttreatment hemorrhagic rate, 10 patients hemorrhaged over 895.4 patientsyears, corresponding to an annualized rate of 1.1% per patient. The annualized hemorrhagic rate for each treatment modality was as follows: SE (0.0%, n = 18), RE (0.8%, n = 51), SR (3.5%, n = 2), and embolization (2.8%, n = 6; Table 3 ). No patients hemorrhaged after microsurgical resection, and 4 patients (7.8%) hemorrhaged after radiosurgery, with an average treatment to hemorrhage interval of 13.6 years. The earliest follow-up hemorrhage occurred at 4.5 years. These results were comparable or better than patients under conservative management. In contrast, onethird of the patients who were treated solely with embolization hemorrhaged during follow-up. Both patients with follow-up hemorrhage were initially recommended for embolization followed by radiosurgery, and both were lost to follow-up after the first embolization with partial obliteration, and eventually returned with a hemorrhage. All patients with hemorrhage in this group presented with a ruptured AVM. Of note, both patients in the SR group experienced recurrence of hemorrhage during the follow-up period and eventually underwent salvage radiosurgery to reach complete obliteration, translating to an annualized hemorrhagic rate of 3.5%. Detailed descriptions of followup hemorrhagic rates are shown in Table 3 .
To understand the effect of ruptured presentation on subsequent hemorrhages, we compared the posttreatment hemorrhagic risk between patients with and without ruptured presentation (Table 3 ). The overall hemorrhagic risk rate in patients with ruptured AVMs was higher at 1.9% per patient per year compared with patients with unruptured AVMs (0.6% per patient per year). When investigating specific treatment modalities, we noticed that this difference was most prominent in the embolization (4.6% vs 0%) and observation groups (1.6% vs 0%). The annualized hemorrhagic risk did not significantly differ between ruptured and unruptured presentation in the microsurgery or radiosurgery groups. Kaplan-Meier analysis revealed that ruptured presentation had a significantly higher risk of developing a first follow-up hemorrhage than unruptured presentation (Fig. 1) . A log-rank test of the Kaplan-Meier curve revealed a significant association (p = 0.023). Univariate Cox regression analysis suggested that ruptured presentation was the only study factor associated with risk of subsequent hemorrhage (Table 4) . However, to adjust for possible confounders, treatment modality was forced into the final model. According to the final multivariate Table 4 .
Patient Functional outcomes
Prior to any treatment, 60% of all patients had a poor outcome (mRS score > 1), whereas after treatment, the proportion dropped to 32%. Patient functional outcomes improved with most modalities of treatment, including SE (preoperative poor mRS score 67%, postoperative poor mRS score 6%), RE (preoperative 54%, postoperative 26%), and embolization (preoperative 61.4%, postoperative 28.6%). No improvement was observed, however, in the observation group (preoperative 30.8%, postoperative 30.8%) or the SR group (preoperative 100%, postoperative 100%). The association of treatment modality with followup mRS score was found to be significant (p = 0.039). Only 1 patient in the SE group experienced adverse outcome, with 94.1% of patients achieving an optimal outcome at last follow-up. The proportions of good outcomes in other modalities were as follows: RE (74.0%), SR (0.0%), embolization (71.4%) and observation (69.2%).
As shown in Table 5 , patients presenting with seizures had a significantly higher risk of poor functional outcome (63.6%, p = 0.027). This was primarily due to uncontrolled seizures at follow-up. Patients with mild presenting symptoms, such as headaches, were more likely to obtain a favorable outcome following appropriate management (p = 0.025). We did not establish a significant association between ruptured presentation and follow-up outcome (p = 0.141). None of the angiographic features aside from frontal lobe location (p < 0.001) were significantly associated with poor functional outcomes. This is consistent with our clinical experience that most patients with a frontal lobe injury resulted in a constellation of symptoms including personality, mental, cognitive, and even speech disorders. In addition, frontal lobe injury was associated with a higher likelihood of having seizures at follow-up. All of these factors contributed to the limitation of the patients' ability to return to normal school or work, rendering a significantly worse mRS score at last follow-up. Larger AVM size demonstrated a trend toward significance (p = 0.081) in predicting poor functional outcomes.
Discussion hemorrhagic risk of avMs
In this study we present a cohort of 90 pediatric patients with a confirmed diagnosis of intracranial AVM and compared the natural history, posttreatment hemorrhagic risk, and functional prognosis across different treatment modalities. Previous studies have established the risk of hemorrhagic presentation to be 30%-82%, 11, 14, 27, 28, 53 and the natural history of hemorrhage in AVMs is 1.9%-4.61% in the general population. 6, 7, 10, 11, 15, 18 In contrast, the natural history of AVMs in pediatric patients is underreported in the existing literature. 8, 37 Darsaut et al. reported a 4.0% annual risk of hemorrhage in a cohort of 120 treated pediatric patients with AVMs. 8 Similar to our study, the risk was generated using the time interval from presentation to initial treatment. However, the magnitude of selection bias introduced in the study should not be ignored, because all the patients in their study were selected for treatment and therefore represented a high-risk cohort. The current study reports a natural history of 0.9% per patient per year, with a total of 429.4 patient-years and a presumably lower-risk cohort with the inclusion of 13 conservatively managed patients (14.4%). The hypothesis that pediatric AVMs Fig. 1 . Kaplan-Meier survival curve of pediatric patients with AVMs free of follow-up hemorrhage according to ruptured presentation. As shown, patients with ruptured presentation had a significantly higher probability of experiencing a sooner onset of followup hemorrhage. are more likely to rupture compared with adult AVMs remains controversial, 8 and the natural history of these lesions needs to be further clarified in a larger cohort or meta-analysis of the existing literature. However, given the long life expectancy of pediatric patients and high mortality and morbidity associated with AVM-related hemorrhage, 1, 10, 25, 27, 43, 44 pediatric patients with AVMs should continue to seek timely definitive treatment for obliteration of the lesion to reduce the risk of hemorrhage.
Despite advancement of techniques in AVM manage- ment, the risk of hemorrhage persists after treatment and is reported to be 1.4% overall per patient per year in the general patient population. 48 In regard to pediatric patients with AVMs, this rate is 0.3%-4.3% for patients who underwent radiosurgery, 2, 3, 8, 9, 17, 21, 29, 37, 42, 43, 54, 56, 57 and 0%-0.3% for patients after resection. 8, 16, 50 To the best of our knowledge, this is the first study attempting to compare posttreatment hemorrhagic risk across different treatment modalities in a single cohort of pediatric patients with AVMs. According to our results, patients treated with microsurgical resection experienced the best outcome with no subsequent hemorrhages (0.0%). The risk of posttreatment hemorrhage (0.8%) in patients treated with radiosurgery was at the lower end of the reported rate in the literature, and it is equivalent to the risk of patients undergoing conservative management (0.8%). Conversely, the risk of subsequent hemorrhage has a 3-to 4-fold increase compared with radiosurgery when patients are treated with embolization as the single treatment modality (2.8%) or incomplete resection (3.5%, SR group). The disparity in hemorrhage control for different management modalities underscores the importance of identifying and adjusting for each distinct treatment modality within a study. Failing to do so will likely result in misinterpretation of the treatment effect, which was one of the significant criticized flaws in the trial named A Randomized Trial of Unruptured Brain Arteriovenous Malformations (ARUBA), where all treatment modalities were classified as 1 single arm. 5, 33, 34, 41 Our overall obliteration rate was comparatively lower than some reported series. This is largely due to the fact that most of the patients in our cohort were treated via radiosurgery, and the actuarial obliteration rate of radiosurgery in pediatric patients is largely variable in the reported literature (18%-88.1%, with most around 30%-50%).
2,9,40,42,49,57 Our AVM obliteration rate in pediatric patients falls within this range, albeit lower than reported in adult series.
Factors associated with risk of hemorrhage
Numerous factors have been proposed to significantly increase the risk of hemorrhage in the adult population with AVMs. These factors include ruptured presentation, small size, residual AVM, deep venous drainage, posterior fossa location, and associated aneurysms. 20, 22, 26, 28, 30, 32, 38, 39, 45, 46, 51 Noticeably, recent studies also demonstrated a higher trend of hemorrhagic risk in nonwhite populations. 24, 54 Our study confirmed the association of small AVM size with ruptured presentation, but failed to observe a significant difference in other variables. This is likely due to limited statistical utility given the relatively small size of the cohort. The identification of these factors is crucial for accurately stratifying patients for appropriate management. However, despite a well-known list of risk factors in the adult population, fewer studies have focused on the pediatric population. The direct application of adult risk factors to the pediatric population may not be warranted, as some angioarchitectural features between the two populations are distinctly different, as suggested by Hetts et al. 19 Therefore, a separate investigation in a pediatric population is worthwhile to improve the accuracy of risk evaluation. According to the data presented in this study, ruptured AVM presentation has a significant impact on posttreatment hemorrhagic risk, even after adjusting for treatment modality; the HR of acquiring a subsequent hemorrhage in patients with a presenting hemorrhage was 5 times greater compared with unruptured counterparts. This result highlights the importance of directing pediatric patients with ruptured presentations to definitive modalities, such as SE or RE if possible, where the posttreatment hemorrhagic risk was shown to be comparatively low (0.0%-0.8%).
Functional outcomes in Pediatric Patients with avMs
Functional outcomes in pediatric patients with AVMs is a major element in the treatment decision-making process. Nair et al. demonstrated that 86.1% of pediatric patients with low-grade AVMs achieve a good functional outcome after microsurgical resection. 35 In comparison, in a radiosurgical cohort of 116 pediatric patients with AVMs reported recently by Hanakita et al., only 10 patients were reported to develop adverse events, rendering a 91.4% optimal functional outcome, with prior AVM hemorrhage showing marginal association with worse functional outcomes. 17 In a more comprehensive analysis presented by Darsaut et al., where all major modalities were included, the overall proportion of patients achieving good functional outcomes was 74.2%, in which high grade, left side, and poor baseline mRS score were significant predictors in the multivariate analysis. 8 These data are largely consistent with those in our study. Of note, our data demonstrated that seizure presentation was significantly associated with poor outcome, which was most likely a result of intractable seizures at follow-up. The limitation placed by seizures and antiepileptic medications on patients' daily activities has a significant impact on patients' quality of life, because most patients were unlikely to return to driving or activities requiring continuous concentration. Similarly, frontal lobe location is also associated with increased follow-up epilepsy. Furthermore, patients with frontal lobe injury are also more likely to experience mental, emotional or cognitive/memory changes, inhibiting return to normal social functionality. 47 From our experience, although difficult to quantify, these changes significantly affect the quality of life in these patients, particularly affecting academic performance, and should therefore be more emphasized in future pediatric AVM studies. Finally, although patients with planned resection appeared to sustain a better functional outcome than other groups, comparisons of functional outcomes between different treatment modalities is hardly conclusive under the influence of selection bias. Future studies with larger patient populations are warranted to fully adjust pretreatment selection biases to elucidate the impact of specific treatment modalities on patient functional outcomes.
study limitations
Our study has several limitations that need to be clarified to avoid misinterpretation of our data. Similar to other pediatric AVM studies, our study represents a retrospective observational cohort with a limited number of cases and considerable data attrition. The relatively small sample size places significant limitations on statistical sensitivity, varies distributions across investigated groups, and explains the wide CIs in multivariate Cox regression analysis. However, to our knowledge, this study cohort remains one of the largest studies in the existing literature concerning a pediatric population with AVMs. We retained 72.6% of all pediatric patients with AVMs found in our institutional database without intentional exclusion of cases, reducing the likelihood of introducing a significant sampling bias. Our study included patients over a 23-year span, with patients undergoing treatment with radiation and embolization starting before 1990; therefore, the advancements in treatment devices or techniques might not be adequately reflected. During this time, a transition from single modality to multimodality treatment, and increased emphasis on perseverance of patient functional outcomes, has been observed. While contemporary series might demonstrate a better outcome, inclusion of earlier patients with longer follow-up periods is also indicated to fully appreciate the occurrence of rare events such as posttreatment hemorrhages. Another limitation of this study is the relatively rare occurrence of follow-up hemorrhages, resulting in a dramatic increase in incidence rate when a single event occurs. Some studies assumed AVMs are congenital and defined the risk exposure period from birth to presentation. However, we remain skeptical to use this calculation method, given that an increasing body of evidence demonstrated the acquired nature of this disease. 13, 23, 31, 36, 55 Finally, the majority of our treated patients underwent radiosurgery, which was seemingly counterintuitive given that 71.1% of our patients were SM Grade I-III with surgically favorable profiles. However, small to moderately sized AVMs were also treatable by radiosurgery, and this modality was frequently favored by patients and parents in pursuit of reduced procedure invasiveness. This result is also consistent with the majority of the body of literature reporting radiosurgical series of pediatric AVMs.
conclusions
Although the annual risk of hemorrhage in the natural history of pediatric AVMs is relatively low at 0.9%, AVM patients sustain a lifelong risk of hemorrhage. Therefore, AVMs should be definitively obliterated to prevent future hemorrhage, especially in the pediatric population, where higher accumulative risk is expected. Patients with ruptured presentation have a significantly increased risk of repeat hemorrhages and should therefore be directed to timely definitive treatment whenever safely possible. Seizure presentation, frontal lobe, and nonheadache presentations were associated with increased risk of poor functional outcomes in this study. Our study results suggested that for patients with favorable risk profiles, resection might be the optimal treatment modality in reducing hemorrhagic risk and preserving functional outcomes. Provided with the scarcity of existing literature, more studies regarding the pediatric population with AVMs are warranted to enable pooling of study data for future evidence synthesis.
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